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Boulder, Colorado 80303 
A new approach for using acoustic measurements to evaluate 
residual stresses in the presence of unknown material property 
variations is presented. It is shown that measurements using shear 
waves propagating along the normal to the surface of a plate do not 
provide sufficient information to separate the influences of stress 
and material property variations. To overcome this fundamental 
limitation, an alternative theory is developed that governs the 
propagation of shear waves polarized horizontally with respect to 
the surface of a plate (SH-waves), but propagating at oblique 
angles with respect to the surface normal. The question of 
separating the effects of residual stress and material properties 
on acoustic velocity is addressed in detail. In addition, a 
practical experimental procedure is developed that permits the 
evalution of the in-plane components of the principal stresses in a 
plate exhibiting an unknown inhomogeneous initial anistropy caused 
by material texture or microstructure. The procedure is then 
verified experimentally using an aluminum specimen with a known 
residual stress state, but unknown initial anisotropy. 
INTRODUCTION 
The application of acoustic velocity measurements to the 
evaluation of residual stresses has received considerable attention 
in recent years. A major problem has been the fact that practical 
engineering alloys exhibit considerable material property varia-
tions. These variations affect acoustic velocity and may mask the 
effects of stress. 
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In this paper, the problem of evaluating residual stresses 
from velocity measurements in alloys with unknown material property 
variations is addressed. In particular, it is demonstrated that 
experimental procedures, in which velocity measurements of acoustic 
waves at normal incidence to the surface of a solid are made, do 
not provide sufficient information to determine the stresses 
unambiguously. Specifically, it is shown that the commonly used 
technique based on acoustical birefringence is hampered by the 
influence of material anisotropy. 
A new technique is proposed which is based on measurements 
with horizontally polarized shear waves (SH-wa'ves) propagating in a 
plate at arbitrary angles to the normal to the free surfaces. The 
new technique is a generalization of the acoustical birefringence 
method. It is shown theoretically that the technique provides 
enough information to permit the evaluation of in-plane stress 
components in the presence of unknown material anisotropy. An 
experimental procedure is then described that uses electromagnetic-
acoustic-transducers (EMATs) to generate the probing SH-wave sig-
nals. Results of a verification experiment using a plate specimen 
containing a known residual stress state are presented. 
THEORY 
The basis for evaluation of stress with measurements of 
acoustic velocity is provided by the theory of acoustoelasticity, 
which relates changes in the velocity of elastic waves to the 
stress state in a solid. The most common application involves the 
use of bulk waves propagating at normal incidence to the surface of 
a plate. The velocity measurements with these waves are used to 
characterize the average through-thickness values of the in-plane 
stress components. Alloys are polycrystalline aggregates which can 
exhibit macroscopic anisotropic elastic properties due to micro-
structure or texture. The polycrystalline material is elastically 
equivalent to an anisotropic crystal. The acoustoelasticity 
relations for waves propagating along the normal to a plate made of 
anisotropic material are: l 
(1) 
= (2) 
(3) 
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where V~, VS2 and VS1 are the velocities in the presence of stress 
of a longituainal wave, a shear wave polarized parallel to the X2 
direction, and a shear wave polarized parallel to the Xl direction, 
respectively; V~o is the velocity of a longitudinal wave in the 
unstressed state, VSo is the average shear wave velocity in the 
unstressed state, and 02 and 01 are the in-plane principal stress 
components. The constants A tHrough F in Eqs. (1-3) are function-
ally dependent on the second and third order elastic constants of 
the solid, and are commonly referred to as acoustoelastic constants 
or stress-acoustic constants. It is shownl that for solids with 
weak anisotropy and with principal directions of stress parallel to 
crystal axes, the constants D, E, and F are small and may be 
neglected for practical measurement purposes. 
Equations 0-3) have been applied in three ways. In the 
acoustical birefringence method, Eq. (2) is employed to determine 
the difference of the principal stresses from the relative differ-
ence of the velocities of shear waves polarized in the mutually 
orthogonal principal directions. 2- 4 Longitudinal wave measurements 
have been used by Kino and co-workers 5,6 to evaluate the quantity 
(02 + ° ) using Eq. (1). Guscha, et al. and Guz, et al. 7,S have 
used both shear and longitudinal wave m~asurements in an attempt to 
determine the separate values of 01 and 02 in nominally isotropic 
steels. 
It is relatively straightforward to apply acoustic 
measurements to the characterization of applied stress states if 
independent measurements can be made in the unstressed state for 
in this case, the values of v~o, VS1 °, and VS2 ° can be measured 
throughout the region of interest. However, the evaluation of 
residual stress states using acoustic velocity measurements is 
seriously complicated by the fact that constants characteristic of 
the unstressed state are not available. The nominal value of the 
velocities in the absence of stress can be measured using a 
separate reference sample of the same materials. However, most 
alloys of engineering importance are not perfectly homogeneous. As 
a consequence, variations in the velocities in the unstressed state 
can be present that are of the same order of magnitude as the 
velocity variations caused by stress. In particular, in the 
commonly used acoustical birefringence method, the presence of 
initial anisotropy can result in an unknown, and not negligible, 
value of the quantity (VS2°-VS1°)/VSo, even in nominally isotropic 
materials. The importance of this initial anisotropy effect is 
widely recognized. Various procedures have been proposed for 
providing information using other measurements in addition to 
acoustic velocity measurements to permit evaluation of stress in 
the presence of the unknown initial velocity term. 9 However, none 
of these procedures has been satisfactorily experimentally verified 
to date. 
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In this paper, a new technique is proposed for overcoming the 
problem of unknown initial anisotropy. The conventional birefrin-
gence method is limited by the fact that, with measurements con-
fined to elastic waves propagating along the normal to the surface 
of a plate, insufficient data is obtained to separate the effects 
of stress and anisotropy. Equation (2) involves two unknowns, 
(VS2°-VSIO)/VSo and (02-01)' but only one quantity, (VS2-VS1)/VSo, 
is measured. Additional 1nformation would in principle De prov1oed 
by measuring the velocity of waves propagating at an angle with 
respect to the plate normal, but in general this approach would be 
difficult because a closed-form theory relating velocity to stress 
is not available and the waves are not pure modes. However, it is 
shown l that for the special case of horizontally polarized shear 
waves (SH-waves) propagating in planes of crystal symmetry, in 
solids whose directions of principal stress are parallel to crystal 
axes, a closed-form theory can be derived. In particular, the 
following equation is shown to be valid for weakly anisotropic 
solids: 
SH23 - SHl3 
SHe 18 
c - c 
28 ( 55 44) (8)( ) cos C + a 02 - 01 
44 
(4) 
where SH and SH13 are the velocities 0f SH-waves propagating in 
the x2-x~3and X]-X3 planes of a plate, X3 is parallel to the normal 
to the pLate, Xl and X2 are parallel to crystal axes, 8 is the 
angle between tne propagation direction and the plate normal. C55 
and C44 are elastic constants, SHe is the average velocity in tlie 
unstressed state, given by 
° l( ° 0) SH = 2 SHZ3 + SHI3 (5) 
The acoustoelastic constant a(8) is a function of the second- and 
third-order elastic constants of the material. 
The first term on the right-hand-side of Eq. (4) is equal to 
Thus, Eq. (4) is a generalization of the usual acoustical birefrin-
gence relation, Eq. (2) and, in fact, reduces to that relation for 
the special case 8 = 0°. The main advantage of using Eq. (4) is 
that measurements can be made at various values of the angle 8, 
thereby providing additional information without increasing the 
number of unknowns. Measurements at two values of 8 provide two 
equations, which can be solved for the unknowns (C5S-C44)/C44 and 
(02-01)' (Measurements at more than two angles of e w111 produce 
an overdetermined system of equations, which can be solved using 
least squares fitting.) 
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EXPERIMENTAL PROCEDURE 
To permit implementation of Eq. (4), transducers capable of 
generating SH-waves propagating at arbitrary angles with respect to 
the plate normal are required. A practical electromagnetic-acous-
tic-transducer (~~T) capable of fulfilling this requirement has 
been developed. A schematic representation of this transducer is 
shown in Fig. 1. A typical acoustic radiation pattern for the 
transducer in Fig. 1 is shown in Fig. 2. This pattern can be 
regarded as an angular spectrum of plane waves. Thus, by properly 
locating transmitting and receiving transducers appropriate rays 
representing plane waves at desired angles may be utilized. A 
practical experimental configuration for applying the transducer of 
Fig. 1 to stress characterization is shown in Fig. 3. The 
transmitting transducer and receiving transducer are aligned so 
that the plane passing between the magnets of the transducer and 
normal to the plate (the sagittal plane) is shared by the two 
transducers. SH-waves are generated by the transmitter which 
propagate in this plane and whose polarization direction is normal 
to it. Upon examining Fig. 3, it is evident that because of 
multiple reflections from the back surface of the plate, many rays 
connect the two transducers. Measurements with plane waves at 
various angles with respect to the plate normal thus can be made by 
utilizing different rays. The procedure for implementing the 
configuration in Fig. 4 is as follows. In a plate for which the 
crystal axes are known (e.g., a rolled plate) the transducers are 
oriented so that the sagittal plane is parallel to a crystal axis. 
A single echo is isolated by time-gating so that velocity of a 
plane wave at an angle e, with respect to the plate normal can be 
measured. The transducers are now rotated 90° and the velocity 
measurement is repeated. The quantity 
is now determined. This procedure is then repeated using a differ-
ent echo, so that the relative velocity of plane waves propagating 
at a different angle, e2, is now measured. Two equations are then 
available for evaluating the unknowns 
A precision velocity measuring system is required to implement 
the experimental procedure described. Since only relative measure-
ments are needed to apply Eq. (4), a modified version of the system 
developed by Kino et al. 6 was utilized in the present work. In 
this system, the relative frequency change required to maintain a 
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constant phase difference between an acoustic signal and a refer-
ence is measured. Relative velocity changes can be evaluated using 
the rela tion 
!J.V !J.f !J.R, 
-=-+-V f R, (6) 
where f denotes frequency and R, denotes acoustic path length. In 
using this system for making velocity measurements on two orthogonal 
planes as described above, the path length remains unchanged so 
that the term !J.R,/R, vanishes. 
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EXPERIMENTAL RESULTS 
To verify the theory and experimental procedure presented 
above, measurements were carried out on an aluminum plate specimen, 
25 mm thick, which contained a known, biaxial, residual stress 
state and unknown initial anisotropy. The specimen design is shown 
in Fig. 4. A 100 mm hole was machined in the aluminum plate. The 
plate was heated to 423 K and an oversized plug of 304 stainless 
steel which had been cooled to 77 K was inserted in the hole. 
Strain gages had been placed on the aluminum plate so that the 
resulting residual stress state could be evaluated after the 
specimen returned to ambient temperature. The measured strains 
agreed with the predictions of an exact theory for this specimen. 10 
The resulting values of (02-01) as a function of position along one 
of the plate symmetry axes (normal to an edge) are shown in Fig. 5. 
Before the ultrasonic experimental procedure described above 
could be used to evaluate the residual stresses in the specimen, 
the acoustoelastic effect had to be calibrated· to determine the 
constants a(6) in Eq. (4). Two values of 6 were chosen, 33.8° and 
12.6°. These correspond to the first and third echoes from the 
back surface of the plate, respectively. A calibration specimen in 
the form of a tensile bar was cut from the end of the aluminum 
plate from which the specimen containing residual stress was made. 
The tensile axis was parallel to the rolling direction. Tension 
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Fig. 6. Typical calibration curves for acoustoelastic constants. 
was applied in a servo-hydraulic testing machine. Ultrasonic data 
were taken with the SH-waves polarized parallel to and perpendicu-
lar to the rolling direction. Results for relative frequency change 
from the unstressed state as a function of applied stress are shown 
in Fig. 6 for the first and third echoes. The constant a(8) is 
given by the difference of the slopes of the lines from the two 
orthogonal polarization directi~~s. The calibration value~5deter­
mined were a(33.8°) = 3.7 x 10 /MPa, a(12.6°) = 4.4 x 10 /MPa. 
The calibration constants were found to vary with position by 
approximately 1%. 
After calibrating the acoustoelastic constants, velocity 
measurements were made in the aluminum plate containing a known 
residual stress state. Measurements of relative velocity change, 
(SH23-SH13)/SHo as a function of position, were made along a scan 
line perpendicular to the rolling direction of the plate and along 
a radial line from the plug. The difference of the principal 
stresses, (02-0])' was evaluated from the relative velocity mea-
surements ana the values of the constants a(33.8°) and a(12.6°) 
using Eq. (4). This evaluation was possible using this technique 
despite the fact that an unknown amount of initial anisotropy was 
present and no measurements were made in the unstressed state. The 
results for (02-01) are contrasted with the exact theoretical 
values in Fig. ~. 
1336 R. B. KING AND C. M. FORTUNKO 
For comparison with the experimental results obtained with the 
new technique, results obtained using a more conventional applica-
tion of acoustical birefringence are also p10t~ed in Fig. S. It 
was assumed that the anisotropy in the specimen was homogeneous and 
could be characterized from measurements in an unstressed reference 
sample. Thus the v~lue of (VSZo-VSJO)/Vso in Eq. (Z) was e:aluated 
on a separate specl.men and assume to lJe constant. A sl.ng1e 
relative velocity measurement was then used to infer the value of 
(aZ-a I ). From Fig. 5, it is evident that the assumption of homo-
geneous anisotropy results in significantly poorer agreement with 
the exact values of (aZ-a I ). 
DISCUSSION 
A new experimental procedure has been proposed for using 
velocity measurements with SH-waves for characterizing residual 
stress states in anisotropic materials. The theoretical basis for 
the method has been presented in the form of closed-form expres-
sions for the velocity of SH-waves propagating at arbitrary angles 
in planes of crystal symmetry. The new procedure is subject to 
certain limitations, some of which are also present in existing 
techniques, and some of which are peculiar to this technique: 
1. A principal assumption of the theory upon which the proposed 
procedure is based is that the principal directions of stress 
are parallel to the crystal axes of the unstressed solid. In 
many applications of engineering importance this assumption 
will be valid, for example, the case of butt weldmeucs where 
the rolling direction is either perpendicular or parallel to 
the welding direction. 
Z. Measurements are needed using SH-wave signals propagating at 
two different angles with respect to the plate normal in order 
to evaluate (a 2-a I ) in the presence of unknown anisotropy. An 
error propagatl.on analysis was conducted l and it was found 
that the accuracy of the evaluation of (aZ-a1) decreases as 
the angular difference between the rays corresponding to the 
two ultrasonic signals decreases. There is thus an interest-
ing trade-off in the proposed technique between precision and 
spatial resolution. For the measurement precision obtainable 
using the current experimental apparatus, acceptable precision 
(~10%) in the evaluation of stress can be attained if the 
angular difference between the two SH-waves rays is 10 0 or 
greater. 
3. The error propagation analysis mentioned above also showed 
that errors in the values of the relative velocity measure-
ments or the acoustoe1astic constants would lead to magnified 
e~rors in the values of (02-01)' For an angle difference of 
10 0 between the rays used l.n tne measurement it was found that 
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±l% errors in the measurement would cause approximately ±10% 
errors in the value of (0 2-0). Precision velocity measure-
ment systems are readily capa~le of making relative velocity 
measurement to a precision of greater than 1%. However, the 
use of a separate reference sample to evaluate the acousto-
elastic constants can lead to greater than 1% errors in their 
values if significant material inhomogeneity is present. If 
this is found to be a serious problem then it may be necessary 
to use the in-situ calibration technique proposed by Scott. II 
In conclusion, an experimental procedure has been demonstrated 
which shows promise for evaluating residual stress states in plate 
geometries with unknown material property variations. This is an 
important step in extending acoustoelastic stress measurements to 
applications of practical engineering importance. 
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